Purpose This research aims to investigate the potential of 18 Ffluorodeoxyglucose positron emission tomography/computed tomography (FDG PET) to predict pathologic response after neoadjuvant chemotherapy (NAC) and overall survival (OS) of patients with synovial sarcoma in Korea. Methods Twenty patients with synovial sarcoma from January 2001 to December 2011 were reviewed retrospectively. All patients underwent pre-treatment FDG PET and tumor removal. Patients were classified with the maximum SUV (SUVmax), metabolic tumor volume (MTV), total lesion glycolysis (TLG), age, sex, histologic subtype, tumor size, NAC, resection margin, and metastasis at diagnosis. Pathologic response was assessed using the French Federation of Cancer Centers system. Statistical analyses were analyzed using the Kaplan-Meier method, log-rank test, Cox proportional hazards regression model, and Mann-Whitney test. Results Nine patients (45 %) showed pathologic response, and ten patients survived. Higher SUVmax, higher MTV, higher TLG, monophasic epithelial type, and metastasis at diagnosis were significantly related to poorer OS (p=0.047, 0.016, 0.016, 0.045, and 0.018, respectively). By multivariate analysis, metastasis at diagnosis was significantly related to poorer OS (p=0.012/HR=5.9, 95 % CI 1.47 to 24.1). The SUVmax, MTV, and TLG of the non-responder group were significantly higher than those of the responder group (p= 0.020, 0.020, and 0.020, respectively). There was no significant difference in size between the two groups (p=0.062). Conclusions A higher SUVmax on the pre-treatment scan, monophasic epithelial type, and metastasis at diagnosis were significantly associated with a poorer OS, and pathologic responders showed a higher SUVmax before NAC. The PET parameters can be used to predict OS and pathologic response in patients with synovial sarcomas before NAC.
Introduction
Synovial sarcoma is a rare malignant neoplasm and comprises 8 % of malignant soft tissue sarcomas [1] . Synovial sarcoma has traditionally been considered to be associated with a poor outcome [2] . Several studies reported that in synovial sarcoma the factors determining high risk are size≥5 cm, an inadequate surgical resection margin, and/or mean mitotic activity greater than ten mitoses per ten high power fields (HPFs) [3] . Other studies reported that various factors (age, sex, the presence of metastasis, invasiveness, histologic subtype, and histologic differentiation) are significant prognostic factors in synovial sarcoma [2, [4] [5] [6] [7] [8] . However, there is no reproducible factor that has proven useful in assessing prognosis in patients with synovial sarcoma. Therefore, further studies are needed to determine the prognostic factors in synovial sarcoma.
During the past decade, 18 F-fluorodeoxyglucose positron emission tomography/computed tomography ( monitoring of various malignancies [9] [10] [11] . 18 F-FDG PET provides physiologic information that enables cancer to be diagnosed on the basis of altered glucose metabolism [12] . Many studies have reported that the SUVmax on 18 F-FDG PET is a good indicator of tumor aggressiveness and a valuable parameter for predicting survival in several cancers [13] [14] [15] . Metabolic tumor volume (MTV) is tumor cells measured volumetrically or quantitatively by 18 F-FDG PET/CT [16] . Another volume-based PET parameter, total lesion glycolysis (TLG), is defined by multiplying the mean SUV and MTV of tumor tissue above a minimum SUV threshold [17] . Metabolic volumetric parameters such as MTV and TLG have been suggested as independent predictors of the clinical outcome of several cancers [18] . In synovial sarcoma, there was only one study dealing with the prognostic value of SUVmax on pre-treatment 18 F-FDG PET [13] . However, there have been no studies on the prognostic value of volume-based PET parameters in synovial sarcoma.
It is well known that pathologic tumor grade can be used to predict disease progression and overall survival (OS) in soft tissue sarcoma [19, 20] . Most soft tissue sarcomas are initially diagnosed by CT-guided core-needle biopsy, but these invasive biopsies may provide a lower tumor grade because of sampling error [21] . For tumor grading, 18 F-FDG PET has been suggested as a noninvasive diagnostic tool for various cancers [22] .
In the current study, we evaluated the prognostic value of metabolic parameters on pre-treatment 18 F-FDG-PET/CT to predict the survival of patients with synovial sarcoma and assessed the ability of FDG PET/CT to predict pathologic response after neoadjuvant chemotherapy (NAC).
Materials and Methods

Patients
Twenty patients diagnosed with synovial sarcoma at the Korean Cancer Center Hospital from January of 2001 to December of 2011 were retrospectively reviewed. All patients underwent 18 F-FDG PET/CT prior to the treatment, and they were pathologically diagnosed with synovial sarcoma after surgical removal of the primary tumor. Cancer stage was based on the American Joint Committee on Cancer (AJCC), 7th edition. All patients were categorized by parameters on pretreatment FDG PET, age, sex, histologic subtype, tumor necrosis rate, mitotic index, tumor size, NAC, resection margin, and metastasis at diagnosis. All patients provided written informed consent, and this study was performed according to the ethical guidelines of our institutional clinical research committee.
All patients underwent pre-treatment 18 F-FDG PET-CT, and the median interval between the PET-CT scan and surgery was 41 days (range 2-225 days). All patients underwent tumor removal and adjuvant chemotherapy. The patients with high-grade tumors underwent NAC to downstage large tumors to enable effective surgical resection. The patients with residual or metastatic tumors after surgery underwent adjuvant radiotherapy. The length of follow-up ranged from 45 to 129 months with a median follow-up of 73 months.
Imaging Acquisition
All patients fasted for at least 6 h before the intravenous administration of 7.4 MBq 18 F-FDG per kg of body weight; all patients' blood glucose levels were less than 7.2 mmol/l at this time. All patients had whole body scans in the supine position using a Biograph6 PET/CT scanner (Siemens Medical Solution, Knoxville, TN). Images from the base of the skull to the upper thigh (5-6 bed positions) were acquired. The PET images were reconstructed with revised CT by a 5-mm Gaussian filter of the expectation maximization algorithm (two iterations, eight subsets) and a 128 × 129 matrix.
Imaging Analysis
All PET/CT images were reviewed on e-soft workstations (Siemens Medical Systems, Iselin, NJ). 18 F-FDG PET/CT images were analyzed by two nuclear medicine physicians, retrospectively. Increased 18 F-FDG uptake compared to adjacent tissue was concluded to be suspected tumor uptake. Ellipsoid volumes of interest that included entire tumors were drawn, and then the maximum SUV (SUVmax) and MTV on PET images were automatically measured using the volume viewer software. MTV was automatically calculated using SUV thresholds of 2.5 [18] . TLG was determined as a product of mean SUV multiplied by MTV. In five patients, MTV and TLG could not be evaluated because of the absence of volumetric data on PET/CT images.
Pathologic Assessments
Pathologic tumor grading was based on the French Federation of Cancer Centers (FNCLCC) system [23] . Surgical specimens were cut into 0.5-cm-thick slices and evaluated for the presence of macroscopic tumor; all sections were analyzed microscopically for the presence of residual tumor. Tumor response was evaluated by a pathologist and graded according to the tumor differentiation, mitotic index, and tumor necrosis. These parameters are scored 1 to 3 for the differentiation and mitotic index and scored 0 to 2 for necrosis. A three-grade system is obtained by summing the scores from these three parameters. Grade 1 is defined as a total of 2 or 3; grade 2 as a total of 4 or 5; and grade 3 as a total of 6 to 8. In this study, there was no grade 1 group. The grade 2 group was classified as the responder group, and the grade 3 group was classified as the non-responder group.
Statistical Analysis
Results are expressed as medians and ranges. OS time was measured from the date of surgery until death in the deceased patients. Survivors were censored in September 2014. The primary endpoint was OS, and survival analysis was performed using the KaplanMeier method. Individual prognostic factors (SUVmax, MTV, TLG, sex, histologic subtype, tumor size, NAC, resection margin, and metastasis at diagnosis) were analyzed by the univariate method using the log-rank test. Time-dependent receiver-operating characteristic (ROC) curves were used to determine optimal cutoff values. Multivariate analysis of prognostic factors was performed using the Cox proportional hazards regression model. The Mann-Whitney test was used for comparison between patients with SUVmax≥6.1 and SUVmax <6.1, between patients with and without NAC, and between responder and non-responder groups. All statistical analyses were performed using MedCalc, version 12.3 (MedCalc Software, Belgium). Two-tailed p-values of<0.05 were considered statistically significant. 
Results
Patient Characteristics
Characteristics of all patients in this study are summarized in Table 1 . The study included 11 males and 9 females with a median age of 35 years (range 8-56 years). Median OS was 1,213 days (range, 118-3,885 days). The most frequent location of the primary tumor was the thigh (5 patients, 25 %), and the most common histologic subtype was monophasic epithelial type (13 patients, 65 %). The tumor size ranged between 2 and 16 cm (median, 5.5 cm). Six patients had lung metastasis, and one patient had multiple metastases in the lung and bones at diagnosis. Seventeen patients underwent NAC. Seven patients underwent adjuvant radiotherapy because of residual or metastatic tumors. There were no significant differences in the clinicopathologic features, except for age, between patients with and without NAC ( Table 2 ). Nine patients were in the responder group, and 11 patients were in the non-responder group. There were no significant differences in clinicopathologic features between the responder and non-responder groups. Ten of the 20 patients survived.
Comparison of Survival According to SUVmax
Tumor SUVmax ranged from 0.8 to 25.0 with a median of 5. be significantly associated with OS by univariate analysis (p=0.010) (Fig. 2) .
PET Parameters Between Pathologic Tumor Responder and Non-responder Groups
The SUVmax, MTV, and TLG of the non-responder group were significantly higher than those of the responder group (p = 0.020, 0.020, and 0.020, respectively). The median SUVmax of the responder group was 4.8 (range, 3.0-7.5) and that of the non-responder group was 8.0 (range, 2.0-16.0) (Fig. 3) . The median MTV of the responder group was 13.2 ml (range, 0.04-59.8 ml) and that of the non-responder group was 62.2 ml (range, 10.4-663.3 ml). The median TLG of the responder group was 39.0 g (range, 0.1-193.3 g) and that of the non-responder group was 269.2 g (range, 31.8-2234.8 g). There was no significant difference in size between the two groups (p=0.062).
Discussion
In this study, we demonstrated that SUVmax, MTV, and TLG on pre-treatment 18 F-FDG PET/CT could predict survival in synovial sarcoma. We found that higher SUVmax, MTV, and TLG on the pre-treatment scan, monophasic epithelial type, and metastasis at diagnosis were significant prognostic factors for predicting poor OS in synovial sarcoma.
Synovial sarcoma is frequently associated with local recurrence and distant metastases, and thus with poor outcome [2] . Metastases occurred in 50-70 % of cases, and local recurrence occurred in 47 % of synovial sarcoma cases [24, 25] . Since these tumors grow slowly, they have a high incidence of late metastases and late local recurrences. Local recurrence occurred after a mean of 3.6 years and metastases at a mean of 5.7 years [24] . Because slow tumor growth would not show apparent symptoms, the diagnosis and appropriate therapy were delayed [24] . Therefore, identification of valid prognostic factors is important to improve patients' outcome through more aggressive therapy including adjuvant chemotherapy and radiotherapy. During the past decades, various prognostic factors (age, sex, surgical margin, the presence of metastasis, invasiveness, histologic subtype, size of tumor, and histologic differentiation) have been reported in synovial sarcoma [2] [3] [4] [5] [6] [7] [8] . A previous study reported that in synovial sarcoma the SUVmax on pre-treatment 18 F-FDG PET was found to be a prognostic factor of OS [13] . The results of the present study are consistent with those of previous studies in which a higher SUVmax value before treatment [13] , monophasic epithelial type [6, 26] , and metastasis at diagnosis [13] were found to be related to poorer outcome in synovial sarcoma. In contrast with previous research, age, sex, tumor size, and resection margin did not predict survival in our study.
It has been demonstrated that upregulation of glucose transporter type 1 (GLUT-1) in cancer cells is a prognostic factor in various malignancies [27] . Also, a positive correlation between the overexpression of GLUT-1 and 18 F-FDG avidity has been reported [28, 29] . All these findings could explain the relationship between FDG uptake on PET and tumor aggressiveness [30] , and thus prognosis in cancer [13, [31] [32] [33] [34] . In fact, PET has been used for diagnosis, staging, and determining the treatment response of malignancies. Many studies have addressed the usefulness of the SUVmax on 18 F-FDG PET as a parameter for predicting survival in several cancers [13] [14] [15] . Lisle et al. reported that the SUVmax on 18 F-FDG PET was found to be a prognostic factor of OS at a cutoff value of 4.35 in 44 patients with synovial sarcoma [13] . The SUVmax cutoff values for predicting prognosis in a previous study were different from those in our study, in which we used a cutoff value of 6.1. Lisle et al. analyzed 44 patients who had been treated with NAC [13] , but in this study we analyzed and compared 16 patients treated with NAC and 4 patients without NAC. Also, Lisle et al. used ROC curve analysis for deciding on the cutoff value [13] , but we used time-dependent ROC curve analysis to determine the optimal cutoff value according to Heagerty et al. [29] . Because of different patient characteristics and different analyzing methods, a SUVmax of 6.1 was suggested as a cutoff value. The SUVmax may not reflect the tumor volume because it only represents the most active part of the tumor. To overcome this limited representative nature of the SUVmax, the MTV and TLG have been proposed in several cancers [18] . In a study of 55 soft tissue sarcoma patients including 7 synovial sarcoma cases, the SUVmax of the primary tumor was the only significant independent metabolic prognostic factor for OS, and the other volume-based PET parameters did not provide prognostic information [35] . Also, another study in 66 patients with soft tissue sarcoma including 6 synovial sarcoma cases demonstrated that the TLG was a more accurate predictor of disease progression than SUVmax or MTV [36] . There have been no reported studies using only synovial sarcoma for evaluating the prognostic factors of metabolic PET parameters. In this study, 5 patients did not have volumetric data on the PET images, so we analyzed 15 synovial sarcoma patients. The SUVmax, MTV, and TLG were demonstrated to be prognostic factors for predicting OS. In previous reports, the SUVmax on pretreatment 18 F-FDG PET/CT could be used to discriminate between low-and high-grade soft tissue sarcomas [37, 38] . In this study, pathologic tumor responder and non-responder groups were discriminated not only by the SUVmax, but also by MTV and TLG. Therefore, the PET parameters of SUVmax, MTV, and TLG can be used to predict OS and pathologic response in patients with synovial sarcomas before NAC.
The efficacy and role of chemotherapy in synovial sarcoma are still uncertain [4, 39, 40] . A previous study reported that 5-year event-free survival was not different in patients with synovial sarcoma who received or did not receive NAC (62.6 vs. 71.5 %) [41] . Italiano et al. also reported that neoadjuvant or adjuvant chemotherapy did not show significant improvement in the prognosis of synovial sarcoma patients [30] . In accordance with previous reports, we were also unable to find a significant survival difference in 5-year OS between the patients with and without NAC (51.0 vs. 75.0 %). In the analysis of 16 patients with NAC, metastasis at diagnosis was found to be a significant prognostic factor. Higher SUVmax on the pre-treatment scan and monophasic epithelial type were not associated with poorer OS. This may have been due to the small number of patients enrolled and to the retrospective nature of this study. A larger spectrum of patients will be needed for further study to determine the optimal cutoff value as a reproducible prognostic factor in a group of patients treated with NAC. The current study has several limitations that warrant consideration. First, the number of enrolled patients was small. Second, the study was inherently limited by its retrospective design. Third, we analyzed only patients in a single institution. Fourth, differences in SUVmax, MTV, and TLG among different PET scanners might comprise a limitation to the application of these results in other institutions. Larger prospective multicenter trials are needed to validate our result for the prediction of prognosis in synovial sarcoma.
Conclusion
In conclusion, higher SUVmax, higher MTV, higher TLG on the pre-treatment scan, a monophasic epithelial type, tumor size, and metastasis at diagnosis were significantly related to poorer OS in synovial sarcoma, and also PET parameters such as SUVmax, MTV, and TLG could be used to discriminate between pathologic tumor responder and non-responder groups in patients with synovial sarcoma. Therefore, the PET scan parameter predicts the prognosis in patients with synovial sarcoma.
